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Abstract. In this paper, RL-diode circuit driven by a sinusoidal voltage is employed to obtain
nonlinear experimental data. The BDS test statistic is used to analyse these data. According to
the results of the analysis for the first differenced order data, chaotic structure has been found for
each e values.
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1. Introduction

There can be aperiodic and complex behaviors in many simple deterministic sys-
tems, a pendulum, a fluid under convection or some chemical reactions (Gleick,
1987 Keener and Tyson, 1986). In 1981, P. A. Linsay from the Massachusetts
Institute of Technology carried out the first rigorous study of the chaotic behavior
of an electrical circuit (Smith, 1992). Experimentally an electrical circuit possesses
a number of advantages over an optical or a chemical system (Newell, et al.., 1996).
One such advantage’ is that the experimenter has control over many of the param-
eters which influence the behavior. In the past two decades, many observations
of chaotic behaviour in electrical circuits have been reported, the Van der Pol os-
cillator, the RL-diode and Chua’s circuits can be mentioned as examples (Hasler,
9S).
An important reason for carrying out a research on nonlinear systems is that

they can potentially explain the variations that seem to be random. Scheinkman
and LeBaron (1989), and Hsieh (1991) use the BDS statistic (Brock, Dechert, and
Scheinkman, 1987) to test for independence in stock market data. Hsieh (1989) uses
the BDS statistic to detect non-linearity and chaos in monetary exchange rates.
The use of BDS statistic for testing other financial time series data in economics
for nonlinear structure is now a fairly well established practice.
In this paper, time series data obtained from a driven RL-diode circuit is tested

for chaotic structure using the BDS. This is the first time that the BDS test has
been used to identify chaotic structure in electrical studies.
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Section 2 covers a brief explanation of the BDS test. Section 3 displays the results
of the experiment on the electrical circuit. Section 4 summarizes the results of the
BDS test. Finally, the main findings of this study are presented in section 5.

2. The BDS Test

The BDS approach tests the null hypothesis that the variable of interest is inde-
pendently and identically distributed (IID). This test is more powerful than the
alternative of deterministic chaos or stochastic non-linear models (Brock, et al.,
1991). Now, let us briefly consider the test statistics-BDS itself. It is based on the
so-called integral introduced by Grasberger and Procaccia (1983).
The time series to be analysed (Xt -t 1, 2, T) is used to form the so-called

N-histories

XtN (Xt Xt-t-l Xt+N-1)
Each N-history can be considered to be point in an N-dimensional space, where
N is called the embedding dimension. These N-histories can be used to define a
correlation integral

2
CN(e)

TN(TN 1)t<s Z Ie(xtN’xsN)’

where TN T N + 1 and I is the indicator function of the event

[Xt+ X+ 1< e, 0, 1, ...,N- 1.

i.e. r(xN,XN) is unity if lXg X I< e and zero otherwise. The correlation
integral, CN(e), can be interpreted as an estimate of the probability that X and
XN are within a distance e. Given this interpretation, we can see that under the
independence hypothesis

CN(e) --+ C1 (e)N, as T --4 co

holds. That is, P(I Xt+i Xs+i [< e), (i 0, 1, ..., N 1) is, due to independence,
equal to 1-I.N,. P(I Xt+i-Xs+i 1< e), which is estimated by CI (e)y as the variables
are identically distributed (Brock, et al., 1991 and Chappell, et al., 1996). Thus,
the BDS statistic reduces to

WN(e,) [r(CN(e) C1 (e,)N]/N(e,),
where rN(e) iS an estimate of the standard devision under the null hypothesis. The
distribution of Wg(e) converges to a standard normal with expectation zero and a
variance unity, as T approaches infinity. Thus, one can now calculate the statistic
that has a standard normal asymptotic distribution under the independence hy-
pothesis. If the absolute values of the test statistic are large, the null hypothesis
of IID (randomness) is to be rejected. The critical values reported by Brock, et
a/.(1991) for significance levels of 0.05 and 0.01 are 2.22 and 3.40 respectively.
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Table 1. The Pesults of
the BDS Test

w
22.3750.1 2

3
4
5
6
7
8
9
10
20

0.5 2

28.354
48.363
63.306
85.462
114.240
146.171
201.328
275.680

0.519
10.070

3
4
5
6
7
8
9

10
2O

9.628
9.538
9.334
9.030
8.906
8.774
8.325
8.051
5.340

0.9 2
3
4
5
6
7
8
9
10
20

33.548
44.931
49.905
54.972
60.556
65.792
70.334
76.659

114.840

3. Obtaining the Experimental Signal

The data were collected from the circuit shown in Figure 1. This circuit has only
one nonlinear element the silicon diffused rectifier diode. We can model the diode
as a nonlinear capacitor in parallel with a nonlinear resistor as discussed by Mat-
sumoto (1987). The behavior of the circuit has been thoroughly studied in several
papers during the last two decades (see Linsay, 1981 and Matsumoto, et al., 1984).
Therefore, we will not go into details here. It has been rigorously proven that if the
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circuit parameters and the external drive (input voltage) are chosen appropriately,
the system admits nonlinear oscillations.
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;t_ D scoP 
GROUND

Figure 1. The diagram of circuit: R 220 fl, L 2mH, D 1N4001

In our experiment, we used a 1N4001 silicon diffused rectifier diode, but any diode
with a large capacitance can be used (Smith, 1992). The driven sinusoidal voltage
was obtained from a function generator; the experimental results were obtained
from an oscilloscope whose probes were attached as in Figure 1.
The nature of the output signal depends on the value of the input voltage. We

have observed period doubling for (input voltage) Vin 160 mV and for f 80
kHz. After a number of period doublings, a chaotic signal was observed for Vin
120 mV and f = 6 kHz as in Figure 2.

4. Results of the Chaotic Analysis

Chaotic analysis has been realised in two forms; analysis of the raw data and
analysis of the first differenced series which was obtained from the (Xt Xt-1). In
this paper, we will discuss only the results that belong to the first differenced data
series in detail. Because, autocorrelation can affect some tests of chaos, so that we
must remove it from data. This is typically done by taking the first difference of
the data (Hsieh, 1991). The first differenced of the output data are plot in Figure
3.
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Figure 2. The output signal taken at Vin-120mV and f--6 kHz

Table 1 gives the the results of the BDS test applied to the first differenced data.
The embedding dimension, N is as varied from 2 to 10 and e was chosen to be 0.1
,0.5 and 0.9 for each series. Clearly, the BDS statistics lies within the positive tail
of the standard normal distribution for these data. Hence we have rejected the null
hypothesis that the data are IID. However, for a very high embedding dimension
like 20 the null hypothesis can not be rejected. This result also supports that the
data are chaotic.

5. Conclusion

We have investigated chaos using the BDS test statistic on an electrical signal taken
from the RL-diode series connection. In an earlier study changing the embedding
dimension N, from 2 to 10 and choosing e to be 0.1, 0.5 or 0.9 indicated that the
data manifested chaotic behavior for e being 0.1 and 0.9 but not for e being 0.5.
Results of this early analysis are not given in this paper, however, they can be
obtained from the authors.
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Figure 3. The plot of the first differenced series.

According to the results for the first differenced data, chaotic structure has been
found for each e values. These results indicate that chaotic structure in electrical
circuits can be investigated by using BDS test.
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